Abstract-Mechanical ventilators are used to provide life support in patients with respiratory failure. Assessing autonomic control during the ventilator weaning provides information about physiopathological imbalances. Autonomic parameters can be derived and used to predict success in discontinuing from the mechanical support. Time-frequency analysis is used to derive cardiac and respiratory parameters, as well as their evolution in time, during ventilator weaning in 130 patients. Statistically significant differences have been observed in autonomic parameters between patients who are considered ready for spontaneous breathing and patients who are not. A classification based on respiratory frequency, heart rate and heart rate variability spectral components has been proposed and has been able to correctly classify more than 80% of the cases.
I. INTRODUCTION
One of the most challenging problems in intensive care is the process of discontinuing mechanical ventilation (ventilator weaning) from patients with respiratory failure. Previous investigations reported that near 40% of the intensive care unit (ICU) patients need mechanical ventilator for sustaining their lives. Among them, 90% of the patients can be weaned from the ventilator in several days while the other 5% -15% of the patients need longer ventilator support. However, ventilator support should be withdrawn promptly when no longer necessary so as to reduce the likelihood of known nosocomial complications and costs [1] . A failed weaning trial is discomforting for the patient and may induce significant cardiopulmonary distress. When mechanical ventilation is discontinued, up to 25% of patients have respiratory distress severe enough to necessitate reinstitution of ventilatory support [2] . Several studies have been reported on breathing pattern variability assesment [3] - [6] .
Heart rate variability (HRV) is used as a noninvasive tool in the evaluation of altered autonomic nervous system Manuscript received April 7,2008 . This work was supported in part by Ministerio de Educación y Ciencia under grants TEC2007-63637 and TEC2007-68076-C02-01 from the Spanish Government.
M. Orini is with CIBER de Bioingenierá, Biomateriales y Nanomedicina (CIBER-BBN) from ISCIII, Spain, and with the Department of Bioengineer- [7] . In HRV spectrum, the Low Frequency (LF) range is related to the sympathetic modulation, although its interpretation is controversial. The High Frequency (HF) range is linked to the parasympathetic activity and mainly due to respiratory sinus arrhythmia. Since ventilator weaning represents a period of transition from mechanical ventilation to spontaneous breathing and is associated with a change in autonomic activity, a change of HRV during weaning is to be expected [8] . Ventilation can alter cardiovascular function. These processes reflect the interaction between myocardial reserve, ventricular pump function, blood flow distribution, autonomic tone, lung volume and intrathoracic pressure, among others. The final response to ventilatory stress is dependent on the baseline cardiovascular state of the subject [9] . Several methods have been developed to analyze the cardiorespiratory coordination [10] - [12] .
In this work, we study the cardio-respiratory interactions during discontinuation from mechanical ventilation. The goal is to assess whether differences exist in autonomic regulation between patients who are considered ready for spontaneous breathing and patients who are not. A classification based on the respiratory frequency, heart rate and spectral components of HRV, is then proposed. To estimate the time course of these cardio-respiratory parameters, their interactions and the temporal evolution of the differences between the groups, Time-Frequency analysis is used.
II. ANALYZED DATA Electrocardiography (ECG) signal and respiratory flow were measured in 130 patients on weaning trials from mechanical ventilation (WEANDB data base). These patients were recorded in the Departments of Intensive Care Medicine at Santa Creu i Sant Pau Hospital and Getafe Hospital, according to a protocol approved by the local ethic committees. Using clinical criteria based on the T-tube test, the patients were classified into two groups: Group S, 91 patients with successful trials after 30 minutes, and Group F, 39 patients who failed to maintain spontaneous breathing and were reconnected after 30 minutes of weaning trial.
Respiratory flow was obtained using a pneumotachograph connected to an endotraqueal tube. the cardiac interbeat durations and the breath durations, respectively.
III. METHODOLOGY

A. Cardio-respiratory parameters
The ECG signal and the respiratory flow are processed in order to derive the temporal evolution of the cardiorespiratory parameters shown in Table I . The respiratory activity of the patients is evaluated studying the respiratory frequency f R (n) and its instantaneous variabilityf R (n). The respiratory frequency is computed as the inverse of the series containing the breath duration, resampled at 4 Hz. The respiratory frequency variability is derived by highpass filtering f R (n) with a cut-off frequency of 0.03 Hz. In order to monitorize the cardiac activity, the heart rate h(n), the HRVȟ(n), and the temporal evolution of its spectral components are estimated. The heart rate is derived from the QRS detection marks, following a method based on the integral pulse frequency modulation (IPFM) model, which also accounts for the presence of ectopic beats [13] , using spline interpolation of order five, and a sampling rate of 4 Hz. The HRV is obtained by highpass filtering h(n) with a cut-off frequency of 0.03 Hz. Time-frequency analysis (TF) is performed computing the Smoothed Pseudo Wigner Ville Distribution (SPWVD) of the (analytic) HRV signal [14] . The SPWVD is a modified version of the Wigner Ville Distribution, where independent kernels are used in order to reduce the presence of the interference terms. Here, time smoothing is used with a rectangular window of 25 seconds. Exponential window with a decaying factor of 32 −1 s −1 and frequency resolution 512 −1 Hz is used for frequency smoothing. The decomposition of the time-frequency spectra S WV ( f , n) is used to estimate the temporal evolution of LF and HF components [15] . The HF component of the HRV is known to be related with the parasympathetic system and consequently with respiration. The respiratory frequency is then used to improve the estimation of HF [16] . At every time n the timefrequency spectra are divided in two bands:
and the frequencies f LF (n) and f HF (n), and the amplitudes A LF (n) and A HF (n), of LF and HF are estimated as the global maxima in both frequency bands. Normalized amplitudesÂ LF (n) andÂ HF (n), which are known to provide an estimation of the sympathovagal balance, are also taken into account [17] . Normalization consists in dividing the instantaneous amplitude of a component by the sum of both components. The difference, e(n), between respiratory frequency and the frequency of the HF component of HRV is also estimated: in a normal physiological condition f HF (n) is an expression of the respiratory sinus arrhythmia, so that a difference between f R (n) and f HF (n) may indicate that a sort of equilibrium is getting lost. 
normalized amplitude of the LF component
normalized amplitude of the HF component
error between f R (n) and f HF (n)
B. Statistical Analysis
The statistics shown in Table II are estimated for every cardio-respiratory parameter. The Mann Whitney test is then used to assess whether the statistics of the cardiorespiratory parameters of patients belonging to the S and F groups present any significant difference. Every statistic and its corresponding p-value are first computed in the whole weaning process and then in a running window five minutes wide. Considering just the whole weaning trial interval, the temporal information, provided by means of time-frequency analysis, would be lost. The goal of using the running window is to estimate, for every statistical parameter, the interval where the biggest differences between the two groups appear. In this way it is possible to detect local significant differences, which may appear during just a part of the process and that would not be detected by computing the statistics for the entire duration of the trial. Considering these parameters, stepwise multiple discriminant analysis is used to classify the patients. Stepwise method allows for the assessment of independent variables (here the statistics of the cardio-respiratory parameters) contribute significantly to the discriminant function. A first classification (DA-1) is provided using the statistical parameters computed considering the whole weaning trial. The second classification (DA-2) is provided using the parameters computed in the five minutes which, for every parameter, maximize the statistical differences between the groups. This second analysis is supposed to improve the hit ratio of the classification. 
IV. RESULTS
For every patient the temporal evolution of 10 cardiorespiratory parameters is estimated ( Table I) . As an example of decomposition of the TF spectrum, the spectral parameters of the HRV of one patient belonging to the F group are shown in Fig. 1 . It is possible to see that f LF (n) and f HF (n) are quite stable, and that f R (n) oscillates around f HF (n) (Fig.1.a) . For this patient there is not a clear prevalence of one modulation over the other one ( Fig. 1.b ): LF and HF components are both present and they interchange the leading role during the entire trial (the normalized amplitudes). The central tendency and the dispersion of the parameters are summarized using 9 statistics (Table II) . In Fig. 2 the median values of the respiratory frequency for all the patients are shown. The median values are computed in a window centered 8 minutes after the beginning of the trial. This is the interval which maximizes the statistical differences between the distribution of median values of groups S and F. The patients who fail the weaning trial (right side) have a f m R (n) significantly higher than the ones who are considered ready for the discontinuation (p ≈ 10 −5 ). The differences between the two groups are assessed using the Mann Whitney Test. In Table III the p-values (multiplied by 1000) for every cardio-respiratory parameter and statistic are shown. These p-values are computed considering the whole duration of the weaning trial (about 30 minutes). Significant differences between the two groups are observed for the parameters h(n), f R (n),f R (n), f LF (n), f HF (n) and e(n). The temporal evolution of the p-values is then obtained applying the Mann Whitney Test on the statistics iteratively computed in the running window. In Table IV the minimum p-values and the temporal location of the corresponding running window are shown. In both classifications (DA-1 and DA-2), the choice of the most relevant parameters to use as independent variables in the discriminant function is performed using stepwise analysis. In the first case, three parameters are used: f m R ,h, Table V , where the first column refers to the kind of classification (DA-1 or DA-2), S and F represent the classification as it was performed by physicians andŜ andF represent the predicted classification performed by discriminant analysis. All ratios refer to leave-one-out cross-validation. to track the temporal evolution of LF and HF components. The respiratory frequency is used to define their frequency bands and to improve their estimation. The respiratory frequency, the heart rate and the frequency of the LF and HF components of the two groups show significant differences during the whole weaning trial. This reveals the important role of both the branches of the autonomous nervous system in the weaning success. The study of the evolution of the p-values suggests that not all the 30 minutes of the trial are equally useful in terms of decision for extubation. For most of the significant parameters, the p-value reaches its global minimum in the second part of the trial. A common feeling of anxiety among all the patients at the beginning of the weaning trial may explain the minor usefulness of the first part: it may hide the difference between the ones who are ready for spontaneous breathing and the ones who are not. The amplitude of LF and HF components are not globally relevant, unless they are normalized asÂ LF (n) andÂ HF (n).
Normalized amplitudes are observed to differ in the last half of the trial, suggesting that the patients who succeed show, at that time, a prevalently sympathetic modulation. The tracking of cardio-respiratory parameters during weaning shows that important differences exist in the autonomic regulation between patients who are considered ready for spontaneous breathing and patients who are not. A sequential discriminant analysis based on these cardiac and respiratory parameters has been able to correctly classify more then 80% of the patients. This work can be considered a first step toward the extraction of features which may allow automatic recognition of subjects who are ready for extubation, features which may support the right decision in discontinuation trial.
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